The Fe Kα emission line is the most ubiquitous feature in the X-ray spectra of active galactic nuclei (AGN), but the origin of its narrow core remains uncertain. Here, we investigate the connection between the sizes of the Fe Kα core emission regions and the measured sizes of the dusty tori in 13 local Type 1 AGN. The observed Fe Kα emission radii (R Fe ) are determined from spectrally resolved line widths in X-ray grating spectra, and the dust sublimation radii (R dust ) are measured either from optical/near-infrared reverberation time lags or from resolved near-infrared interferometric data. This direct comparison shows that the dust sublimation radius forms an outer envelope to the bulk of the Fe Kα emission. R Fe matches R dust well in the AGN with the best constrained line widths currently. In a significant fraction of objects without a clear narrow line core, R Fe is similar to, or smaller than the radius of the optical broad line region. These facts place important constraints on the torus geometries for our sample. Extended tori in which the solid angle of fluorescing gas peaks at well beyond the dust sublimation radius can be ruled out. We also test for luminosity scalings of R Fe , finding that Eddington ratio is not a prime driver in determining the line location in our sample. Large uncertainties on the line core widths preclude more detailed investigations at present, a limitation which Astro-H will help to overcome.
INTRODUCTION
The Fe Kα line is the most prominent emission feature observed in the spectra of accreting systems. It arises as a result of fluorescence in predominantly cold gas, and has been observed in X-ray binaries as well as active galactic nuclei (AGN). The broad component has been modeled as originating in the inner accretion disk as a result of relativistic broadening (Fabian et al. 1989) . Despite many years of study, though, the origin of the narrow core of the line in AGN is still unclear. Previous works have found no correlation of the Fe line width with BLR widths and suggest that there are likely multiple sites of origin, including the dusty torus, the broad line region (BLR), as well as the outer accretion disk (Yaqoob & Padmanabhan 2004; Nandra 2006) .
All modern AGN X-ray radiative transfer models include fluorescence emission computed self-consistently for a variety of geometries and obscuring column densities in the accretion disk as well as the torus (e.g. George & Fabian 1991; Nandra et al. 2007; Murphy & Yaqoob 2009; Brightman & Nandra 2011) , and recent high quality Xray spectra for many AGN -obscured as well as unobscured -bear out the correspondence between transmission, Compton scattering and fluorescence (e.g. Yaqoob 2012; Brenneman et al. 2014; Arévalo et al. 2014; Gandhi et al. 2014; Bauer et al. 2014) . Luminosity and covering factor scalings between the infrared and X-ray regimes may also support a close connection between the line-emitting gas and distribution of warm dust (Gandhi et al. 2009; Ricci et al. 2014; Toba et al. 2014 ), but any spatial correspondence between the Fe Kα emission zone and the torus still remains to be tested in detail.
The main issue hindering progress in pinning down the origin of the line core is lack of high quality data. In the Xrays, the broad and narrow components of the line must be disentangled, and the narrow core is only resolvable using grating spectra in the brightest AGN at present. In the IR, the dust emission zones span sub-pc to pc size scales (e.g. Kishimoto et al. 2011; Tristram et al. 2009; Burtscher et al. 2013) , which require interferometric techniques in order to resolve directly. IR reverberation mapping is a growing field and provides an alternate means to infer dust sizes and even constrain black hole masses (e.g. Suganuma et al. 2006; Koshida et al. 2014; Minezaki & Matsushita 2015) .
There have been recent advances on all these fronts, with a growing number of sources with commensurate data now available. Here we present a comparison of the directly resolved inner edge of the dusty tori (using either interferometry or reverberation mapping) with the sizes of the narrow Fe Kα line core regions for a sample of 13 local AGN. We investigate the connection between the two, and discuss the limitations in the current data. We also test whether the AGN Eddington accretion rates play a role in determining the Fe Kα location. Our study, albeit on a small sample, sets the stage for much larger studies which will be possible once the calorimeter on board Astro-H (Takahashi et al. 2014 ) begins operation in 2016.
2. SAMPLE 2.1. X-ray grating spectra Our starting sample is the¸High Energy Grating (HEG) sample of Shu et al. (2010) , the largest sample to date of high spectral resolution data covering the ∼6.4 keV energy regime. This includes 36 unique galaxies below z = 0.3. In 27 of these, a measurement of the velocity full widths at half maximum (v FWHM ) of the narrow line core was reported by the authors. The mean v FWHM for this sample was found to be 2060 ± 230 km s −1 . The HEG spectral resolution is 0.012Å, corresponding to a velocity resolution of ≈ 1860 km s −1 at 6.4 keV, and is accounted for in the line modeling.
Assuming virial motion for the Fe Kα emitting clouds, we have
where M BH is the black hole mass, and v = √ 3/2 v FWHM accounts for velocities in three dimensions. Where possible, M BH values based upon reverberation mapping measurements are used. Uncertainties on R Fe were determined by joint Monte Carlo sampling of M BH and v in log space.
We have chosen measurements that are likely to best represent the narrow line core. In this respect, note that several new observations for NGC 4051 have become available since the work of Shu et al. (2010) . We use the results discussed by Lobban et al. (2011) and Shu et al. (2012) . The former work found that the presence of unresolved line component at 6.4 keV significantly improved the fit of the line complex in the time-averaged data totaling ∼ 300 ks of exposure. Since this component is the one most likely associated with distant material, we treat the core as being unresolved. This leads to an upper limit on v FWHM and a corresponding lower limit on R Fe .
IC 4329A is also treated as upper limit on v FWHM . Although a broad component to the line is detected by Shu et al. (2010 , see also McKernan & Yaqoob 2004 ) with v FWHM = 18830 +18590 −9620 km s −1 , the line peak energy in this case is found to be E peak ∼ 6.3 keV. An alternative fit with an unresolved line by the authors yielded a more plausible value of E peak = 6.399
+0.006
−0.005 keV, and the authors stress that these are more reliable measurements of the true narrow core.
One systematic uncertainty in converting velocities to sizes comes from the unknown geometric projection, which may result in underestimation of the true space velocities, leading to overestimated sizes. This is a well-known effect in BLR reverberation mapping and single-epoch estimates of M BH , and is captured in the f -factor (e.g. Peterson et al. 2004 ). If we posit that conservation of angular momentum of the accreting matter leads to a flattened geometry, then we can expect that the projection effects are very similar for the X-ray emitting region, the BLR, and the torus. In this case, size measurements of the X-ray emitting region, the BLR, and the torus will be affected in a similar way for any individual object. On the sample level, the distribution of geometric inclinations will lead to a widening of any size-luminosity relation above the intrinsic dispersion by a factor of the order unity. Given that our sample covers four decades in luminosity and two decades in sizes, we can expect that the essence of the relation will be preserved even for unknown projection effects in individual sources.
Infrared and optical data
Near-IR (NIR) observations probe the emission region of the sublimation zone in the torus at temperatures of ∼ 1500 K. The size of this region can be inferred from either reverberation mapping or directly from interferometry. Although both types of measurements are qualitatively similar, the small quantitative differences between both are probably related to the detailed dust distribution (e.g. Kishimoto et al. 2009; Hönig et al. 2014 ). Here we collect and use both types of data from the literature (collectively referred to as R dust ). The dust reverberation mapping sizes (R dust,rev ) are the result of a long-term monitoring campaign with the MAGNUM telescope and have been inferred from V -and K-band light curve time lags (τ dust ) by Koshida et al. (2014) . The interferometric sizes (R dust,intf ) are based on Keck Interferometer data and represent radii of a thin-ring model Kishimoto et al. (2009 Kishimoto et al. ( , 2011 Kishimoto et al. ( , 2013 .
Of the 27 sources with v FWHM from the sample of Shu et al. (2010) , 7 have R dust,intf measurements, and 10 have published τ dust values. Our final sample of objects with measured values of R Fe as well as R dust comprises 13 sources. These are listed in Table 1 .
For these objects, we also compute the radii of their optical BLRs (R BLR ) for comparison to R Fe . Measurements of the reverberation time lag of the Hβ emission line for 12 AGN of our sample (except IRAS 13349+2438) have been tabulated in Bentz et al. (2009) , which we use here. Monochromatic continuum luminosities at 5500Å (L 5500 ) are gathered from Kishimoto et al. (2011 ), Suganuma et al. (2006 and Bentz et al. (2009) . These are based upon fitting of their spectral energy distributions and corrected for starlight contamination. A mean uncertainty of 0.1 dex is assumed for L 5500 .
3. RESULTS Fig. 1 shows the comparison between R Fe and R dust . For all objects, the measurements or limits on R dust,intf lie a little above R dust,rev . Reverberation is sensitive to the fastest dust response with changing incident radiation, whereas the emission probed in interferometry is more sensitive to the average emitting surface area which is likely to peak at somewhat larger radii. In any case, the trends discussed below are similar for both measures of R dust .
For 9 of the 13 AGN, the measurements or limits on R Fe are fully consistent with R dust . These are NGC 3783, NGC 4151, NGC 4593, NGC 5548, Mrk 509, 3C 273, IRAS 13349+2438, NGC 4051 and IC 4329A. The remaining 4 sources (NGC 3516, NGC 7469, Mrk 590 and Fairall 9) have R Fe values significantly smaller than R dust . The ratio of R dust / R Fe in these 4 ranges over 2.5 (NGC 3516) to 75 (Fairall 9).
The figure also plots R BLR on the right-hand axis and reveals some interesting results for individual sources. Whereas the median value of R BLR is 8 times smaller than R Fe for the full sample, there are 6 objects (NGC 4051, NGC 4593, NGC 7469, Mrk 509, Fairall 9 and 3C 273) for which R Fe is entirely consistent with R BLR . For NGC 3516, R Fe lies below R dust and the uncertainty estimates on R BLR and R Fe do not overlap, implying an Fe Kα origin in an intermediate zone between the BLR and the torus. On the other hand, for Mrk 590, R Fe is significantly smaller than even R BLR . Finally, for Mrk 509 and Mrk 590, R BLR lies within a factor of 1.5 of R dust , implying a close proximity of the BLR clouds with the inner extent of the torus.
Examining the overall distribution of sources, the most important feature is the absence of sources significantly above the line of equality. Whereas there is significant scatter of sources to small values of R Fe , for no source is R Fe much greater than R dust . The two lower limits are also consistent with this line. We discuss this result at length in the next section.
We next test whether the location of the Fe Kα line is driven by fundamental luminosity scalings. We first plot R Fe as a function of L 5500 in Fig. 2 . This shows a close correspondence with Fig. 1 in all aspects, with an absence of sources on size scales associated with those above the torus sizeluminosity relation (Barvainis 1987; Kishimoto et al. 2011) , and a strong scatter of sources below. We tested for any relation between the R Fe and L 5500 with Monte Carlo resampling and computing the distribution of Spearman rank coefficients (ρ) for the randomized ensembles. We findρ = 0.45
(90 %) and insignificant p-values over the entire ensemble, suggestive of only a weak positive correlation. Any stronger trend is hidden by the large scatter in the current (small) sample, which is large enough to push several objects to R Fe values smaller than R BLR .
In Fig. 3 , we remove black hole mass scaling from both axes by plotting R Fe in units of the Gravitational radius (R g =GM BH /c
2 ) as a function of the Eddington ratio (L Bol /L Edd ). The latter quantity is taken as a proxy of the (specific) accretion rate. Bolometric luminosities (L Bol ) are approximate estimates based upon a correction factor of 6 to L 5500 (Scott et al. 2004; Richards et al. 2006) . Objects with the best constrained measurements of R Fe occupy a narrow region of R Fe /R g around ≈ 20,000 km s −1 (cf. Shu et al. 2011 ). There appears to be an intriguing hint that sources with high L Bol /L Edd (above ≈ 0.06) show smaller detected values of R Fe /R g than sources at low Eddington ratios. But this is not a significant trend in the current sample at least, and for the comparison between R Fe /R g and L Bol /L Edd we findρ = -0.10 +0.34 −0.42 (90 %). The second panel in the figure illustrates that dust is present on scales similar to R Fe /R g in more than half the sample.
DISCUSSION
Our key result is that the dust sublimation radius forms an outer envelope to the Fe Kα emission zone in Type 1 AGN, with uncertainties allowing R Fe at most a factor of a few times R dust for our sample. This is not an obvious prediction given that the gas distribution is likely to extend continuously on scales both larger and smaller than the torus, and that tori are likely to be clumpy with low optical depth 'holes' allowing radiation to penetrate well into its body. Our work is thus constraining for AGN torus models.
Before considering this further, we note that although we cannot entirely rule out biases related to observational and analysis complexities, these are not likely to play a dominant role. For instance, combining multiple HEG datasets or ignoring blended line components and the Compton shoulder could all potentially introduce artificial broadening when modeling the 6.4 keV feature as a single Gaussian (Shu et al. 2010 ). The minimum detectable line widths could also vary between observations and be a function of signal-to-noise (S/N). But data for sources such as NGC 3783 have excellent S/N and positive v FWHM measurements at more than 99 % confidence. It is then unlikely that such effects would conspire to produce a limit of R Fe around R dust -a completely independent quantity.
If such complexities do not dominate, then our result could imply that there is an important contribution to Fe Kα fluorescence from dusty gas. Another (more likely) possibility is related to the gas geometry, as follows. For axisymmetric gas distributions, the emitted Kα line intensity at any radius r depends upon the local solid angle Ω K (r) of gas illuminated by the AGN (Krolik & Kallman 1987) . The absence of sources with R Fe >> R dust then argues against geometries in which Ω K (r >> R dust ) > Ω K (R dust ), i.e. where the line emitting area increases strongly with radius beyond R dust (one example would be highly flared tori under isotropic AGN illumination). If the integrated column density through the torus is Compton-thick as is generally thought to be the case, then absorption and Compton-scattering would deplete line photons in the body of the torus, so Ω K refers to the solid angle of the reflecting torus surface down to an effective optical depth τ K ∼ 1.
We also emphasize that our results do not exclude the presence of gas on extended scales altogether. If more distant gas is not excited by AGN radiation, it will not fluoresce and remain invisible. Furthermore, studies based upon line width measurements will selectively target the strongest emission regions present on the innermost (fastest) scales. More distant (and fainter) emitting components could become apparent if the direct line-of-sight to the inner torus were obscured by material optically-thick to the line photons, as may be expected in Type 2 and Compton-thick AGN (cf. the detection of extended emission in NGC 4945 by Marinucci et al. 2012 and in NGC 1068 by Bauer et al. 2014) . Monte Carlo radiative transfer simulations can place detailed constraints on the radial gas geometry in the torus.
Conversely, the scatter in R Fe to scales much smaller than R dust argues for contributions from multiple physical zones to the Fe Kα emission. This result is not new (cf. Yaqoob & Padmanabhan 2004; Nandra 2006; Shu et al. 2010) , but is now inferred from the direct size comparison of Fig. 1 . The absence of any obvious luminosity scaling in Fig. 2 supports this scenario, and Fig. 3 shows that any Eddington rate-driven physical components (e.g. accretion disk outflows) do not control the origin of Fe Kα, at least over the range of L Bol /L Edd that we sample. The outer accretion disk and BLR clouds have been invoked as Fe Kα emitters in several objects. For example, rapidly variable narrow Fe Kα line from small scales have been found in Mrk 509 (Ponti et al. 2013 ), Mrk 841 (Petrucci et al. 2002) and NGC 7314 (Yaqoob et al. 2003) . For NGC 7213, Bianchi et al. (2008) found that resolved Fe Kα line width matches the optical Hα line width and argued for a BLR origin in this case. A BLR origin is also consistent for several sources in our sample. Fig. 1 shows that in many of the sources with the best constraints on R Fe (e.g. NGC 4151, NGC 5548, NGC 3783), R Fe is well matched to R dust . However, this does not imply that low grating data S/N is the cause of mismatching R Fe and R dust values in other objects. It is certainly true that the largest Fe Kα error bars in Figs. 1 and 2 must be unphysical and are likely to be a result of the line fits modeling the underlying continuum (see, for example, the discussion on Fairall 9 by Shu et al. 2010 ). In addition, some of the sources with ill-constrained R Fe also have relatively short¸exposure times (t exp ) -e.g. both Fairall 9 and NGC 4593 were observed for 80 ks with the HEG as compared to a median t exp = 150 ks for the sample and a maximum of 890 ks in the case of NGC 3783. But as emphasized by Yaqoob & Padmanabhan (2004) , the uncertainties are not simply a function of S/N, with the grating data showing that the peak Fe Kα energy of 6.4 keV is not dominated by a narrow core in these sources. Moreover, if we use stricter confidence intervals on v FWHM (e.g. the 90 % range from Shu et al. (2010) ), the sources with R Fe significantly less than R dust still remain discrepant in all cases. The large uncertainties then appear to reflect an origin from multiple regions in the AGN environment including (fast) clouds present on scales much smaller than the torus. Longer grating observations of the sources with large uncertainties on v FWHM will help to confirm the absence of dominant narrow cores, or to disentangle fainter core components. More complete sampling of AGN in both X-rays and in the IR are clearly important for drawing robust conclusions. This field is expected to leap forward with the imminent launch of the Astro-H mission (Takahashi et al. 2014) . With a spectral resolution of ≈ 4-7 eV, the Soft X-ray Spectrometer (SXS) employing calorimetric photon detection will provide an improvement in spectral resolution of ≈ 6-10, and much more when accounting for overall sensitivity, as compared to present grating instruments. In the next decade, the Athena mission (Nandra et al. 2013) will have a much larger collecting area than Astro-H, pushing such studies out to high redshift. Reverberation of the narrow Fe Kα core for more objects would also be an independent constraint on R Fe . Variable narrow lines in some cases have already been mentioned. In addition, Liu et al. (2010) found Fe line reverberation on a timescale of ∼ 20-40 day in NGC 5548. This would push R Fe a factor of ∼ 1.5-3 lower than our estimate, but still consistent within the uncertainty on R Fe . 
